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We present angle-resolved photoemission experiments on 1T -TiSe2 at temperatures ranging from
13K to 288K. The data evidence a dramatic renormalization of the conduction band below 100K,
whose origin can be explained with the exciton condensate phase model. The renormalization
translates into a substantial effective mass reduction of the dominant charge carriers and can be
directly related to the low temperature downturn of the resistivity of 1T -TiSe2. This observation is
in opposition to the common belief that strong interactions produce heavier quasiparticles through
an increased effective mass.
PACS numbers: 79.60.Bm,71.27.+a,71.35.Lk,71.45.Lr
Particularly stimulated by the discovery of high-
temperature superconductivity, interest in strongly cor-
related electron systems never ceased to increase in the
last decades. Strong correlations in e.g., heavy fermion
systems involving d- and f -electrons usually produce
weakly dispersive bands in their electronic structure,
which give rise to quasiparticles with large effective
masses [1]. Coupling of the electronic states to phonon
modes is also well known as a possible mechanism for
such an effect [2]. In all these examples, strong correla-
tions are commonly considered as responsible for impor-
tant band renormalizations, leading to increased band
effective masses. In the case of 1T -TiSe2 studied below,
it will be shown that strong electronic correlations result
in the opposite effect.
Among the transition metal dichalcogenides [3], 1T -
TiSe2 is of particular interest. At the critical temperature
of Tc ≃ 200K, the system undergoes a phase transition
into a charge density wave (CDW) phase accompanied by
a periodic lattice distortion (PLD) [4]. Around the tran-
sition, it displays strongly anomalous transport proper-
ties. In particular, as the temperature decreases below
300K, the resistivity quickly increases and surprisingly,
it falls back again to smaller values at lower tempera-
tures (the resistivity is schematically reproduced in Fig.
1 (a)). The compound has also attracted strong interest
since superconductivity has been discovered in the cop-
per intercalated material, CuxTiSe2 [5], as well as in the
pure material under pressure [6]. In the past years, differ-
ent angle-resolved photoemission spectroscopy (ARPES)
studies were carried out on 1T -TiSe2[7, 8, 9, 10]. They all
evidenced two main contributions near the Fermi energy
EF , a Se-4p derived band at the center of the Brillouin
zone (BZ) (Γ point on Fig. 1 (b)), identified as a valence
band in what follows, and three (symmetry equivalent)
Ti-3d derived bands at the border of the BZ (L point),
identified as conduction bands (see Fig. 1 (c) and (d)).
As the temperature decreases below Tc, an intense
backfolded valence band appears at L (dashed dotted
line on Fig. 1 (d)), as direct evidence for the CDW. It
is well known that, in the case of a CDW phase, the
intensity in the backfolded bands is proportional to the
strength of the new potential of competing periodicity
[11, 12]. Based on the fact that in 1T -TiSe2 the back-
folded valence band displays a high intensity despite the
small atomic displacements (∼0.08A˚) of the PLD [4], we
recently gave much support to the exciton condensate
phase as the primary origin of the CDW phase in 1T -
TiSe2 [10], which relies on strong electronic correlations,
in agreement with the prediction of Wilson et al. [13, 14].
Originally denominated the “excitonic insulator
phase” [15, 16], the basic ingredients of this exotic phase
are a valence and a conduction band, having a semimetal-
lic or semiconducting configuration. Then, bound states
of holes and electrons, called excitons, can condense at
low temperature into a macroscopic state, provided the
gap is small and the screening of the Coulomb interac-
tion is weak. For 1T -TiSe2, this purely electronic effect
naturally generates the CDW [17]. Since an exciton is
a neutral quasiparticle, condensation of such entities re-
moves charge carriers from the system. In fact, this ef-
fect already occurs above Tc due to strong electron-hole
fluctuations [18], so that the resistivity starts to increase
above Tc (region I in Fig. 1 (a)). Exciton condensation
manifests itself in the band structure by a gap opening
below the conduction band, which shifts the valence band
away from EF [17]. However, all along the transition,
the conduction band remains close to EF , providing oc-
cupied states to transport so that the system never really
becomes insulating (see Fig. 1 (d)).
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FIG. 1: (Color online) (a) Schematic plot of the resistivity
of 1T -TiSe2, where two different regions are distinguished
(adapted from [4]). (b) Brillouin zone of 1T -TiSe2 with its
high symmetry points. (c) Schematized near-EF constant en-
ergy map of 1T -TiSe2 around Γ and L, with electron pockets
at L produced by the conduction band. (d) At Γ, the gap
opening due to the exciton condensation shifts the valence
band far below EF and only the conduction band provides
some electronic states near EF .
In this letter, we present temperature dependent
ARPES measurements of 1T -TiSe2. For the first time, a
dramatic renormalization of the conduction band at low
temperature is evidenced. Its origin is explained using
the exciton condensate phase model. It is related to a
strong reduction of the electron effective mass and deliv-
ers an essential component to understand the resistivity
downturn at low temperature (region II in Fig. 1 (a)).
The photoemission intensity maps presented here were
recorded using monochromatized, linearly p-polarized
HeIα radiation at 21.2 eV and using an upgraded Scienta
SES-200 spectrometer with an overall energy resolution
better than 10 meV. A liquid helium cooled manipula-
tor having an angular resolution of 0.1◦ was used, with
a temperature stability < 5K. 1T -TiSe2 samples were
cleaved in-situ, in a base pressure in the low 10−11 mbar,
ensuring a high longevity of the sample surface. Pho-
toemission spectra were recorded from 13K to 288K. At
the end of the measurements, the sample was cooled to
13K and comparable spectra were recorded again, con-
firming its stability. Reference spectra of polycrystalline
gold evaporated on the same sampleholder were recorded
for determining EF . At the excitation energy of 21.2 eV,
at the border of the BZ, initial states close to the L point
are probed (see the BZ depicted in Fig. 1(b)). Therefore,
to simplify, the notation L will be chosen for these states
throughout this article.
For 1T -TiSe2, below the critical temperature, the main
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FIG. 2: (Color online) Photoemission intensity maps (dark
colours represent high intensity) of the electron pocket around
L. (a), (b), (c), (d) Measurements along AL (left panels) and
LH (right panels) at 288K, 141K, 81K and 13K respectively.
(e), (f) Energy distribution curves of the photoemission in-
tensity maps measured at 13K around L and along AL and
LH , respectively. The blue dots indicate the position of the
high binding energy edges (see text).
feature in the neighbourhood of EF is the conduction
band at L, since the valence band at Γ is shifted to
higher binding energies (see Fig. 1 (d)) [10]. Fig. 2
presents photoemission intensity maps of this electron
pocket taken at four different temperatures, along the
high symmetry directions AL and LH . Binding en-
ergy versus momentum carpets highlight the behaviour
of the dispersion of the conduction band at 288K, 141K,
81K and 13K in Fig. 2 (a), (b), (c) and (d), respec-
3tively. At 288K, the conduction band follows a clear
wide parabolic dispersion along AL (left panel), with a
non-trivial spectral weight distribution that can be un-
derstood within the exciton condensate phase model ex-
tended to the strong electron-hole fluctuation regime [17].
As the temperature decreases to 141K (Fig. 2 (b)), the
conduction band gets flatter along AL (left panel). The
top of the backfolded valence band is also clearly visible
below a binding energy of −0.1 eV. Below 100K, a dra-
matic renormalization of the conduction band is visible,
as seen in the photoemission intensity maps measured
at 81K and 13K (Fig. 2 (c) and (d)). Along AL (left
panels), it has no more a simple parabolic shape and di-
vides into different parts. Its branches closer to EF are
getting flatter, while it displays a pronounced parabolic
dispersion in the neighbourhood of its minimum. The
LH carpets (right panels) show a homogeneous spectral
weight distribution.
In order to get the approximate behaviour of the quasi-
particle dispersion within the temperature dependent
spectral weight distribution close to the Fermi-Dirac cut-
off, we perform parabolic fits of the high binding en-
ergy edge of the quasiparticle dispersion (defined here
as the energy position at which, for each energy distri-
bution curve (EDC), the intensity reaches ∼ 90% of the
maximum intensity of the dispersion). This procedure
determines the curvature of the dispersions without be-
ing strongly affected by intensity variations and by the
Fermi-Dirac cutoff varying with temperature [19]. These
fits allow us to estimate the effective mass of the con-
duction band near its minimum (at L). We show in Fig.
2 (e) and (f) the high binding energy edges (blue dots)
obtained for the photoemission intensity maps measured
at 13K (Fig. 2 (d)) around L and along AL and LH ,
respectively, and the corresponding EDCs. Table I sum-
marizes these results. This renormalization is so strong
that mL is reduced by about a factor 10-15 from 288K
to 13K.
TABLE I: Renormalized effective mass of the conduction band
(in units of the bare electron mass) along the long axis m˜L
(along AL) and the short axis m˜S (along LH) of its elliptic
Fermi surface, as a function of temperature.
13K 81K 141K 288K
m˜L 0.4(2) 0.5(2) 6.6(7) 6.2(7)
m˜S 0.5(2) 0.8(2)
a a
aAt these temperatures, the procedure to extract m˜s becomes
inaccurate due to the proximity of the Fermi cutoff.
The origin of the considerable renormalization of the
conduction band can be understood in the framework
of the exciton condensate phase model. In this model,
the CDW phase is naturally realized, when the order
parameter ∆ of the exciton condensate phase acquires
non-zero values [17]. The electron-hole interaction, re-
sponsible for the formation of excitons, couples the three
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FIG. 3: (Color online) Renormalized band dispersions calcu-
lated within the exciton condensate phase model, around L,
for ∆ = 0.1 eV (a) without the spectral weights and (b) with
the spectral weights. The effective masses of the conduction
band are fixed to mL = 6 and to mS = 0.5. Dashed lines
represent bands calculated with an order parameter ∆ = 0
eV. The blue line represents the main conduction band c1.
(c) Renormalization of the main conduction band as a func-
tion of the order parameter, for ∆ = 0.04, 0.1, 0.2 eV. The
conduction band c3 is omitted for clarity.
conduction bands to the valence band, so that in the
CDW phase, many backfolded bands appear at L, giving
rise to a complicated band structure. Fig. 3 (a) depicts
the situation near EF for the renormalized dispersions
without the spectral weights. Continuous lines represent
the main conduction band (blue) c1 which cohabits with
two symmetry equivalent backfolded conduction bands
(red) c2 and c3, all calculated with an order parameter of
∆ = 0.1 eV. The dashed (red) line represents the original
(∆ = 0 eV) conduction band. We see that, for ∆ = 0.1
eV and along AL, the main conduction band (blue) c1
is bent near its minimum (arrows in Fig. 3 (a) (left))
towards the backfolded conduction band (red) c2, giving
rise to the mass renormalization observed in our ARPES
data. It must be emphasized that this effect does not
occur in a model where only one conduction band is cou-
pled to the valence band [20]. Fig. 3 (b) depicts the
same situation, but now the spectral weights are super-
imposed on the dispersions in a grayscale coding. In the
CDW phase, the spectral weight is transferred from the
original band c1 (dashed red curve in Fig. 3 (a)) to the
backfolded band c3 (and also to the backfolded valence
band which is not shown in Fig. 3, as it appears at higher
binding energies), but mainly remains on the main con-
duction band c1. The conduction band c2 carries a negli-
4gible spectral weight and is thus not visible. Comparing
Fig. 3 (a) and (b), we see that the mass renormaliza-
tion affects mainly the main conduction band c1 along
AL, since along LH this happens above EF (arrows in
Fig. 3 (a) (right)). To better understand this effect, we
plot in Fig. 3 (c) the main conduction band c1 (blue)
for different values of the order parameter ∆. The lowest
lying curve has been calculated with ∆ = 0.04 eV, the
intermediary one with ∆ = 0.1 eV and the highest lying
one with ∆ = 0.2 eV. Along AL (left panel), these cal-
culations clearly show that, while the ~k range over which
this band is concerned by the mass renormalization in-
creases with ∆, the reduced effective mass near L is al-
ways the same, m˜L ≃ 1.6 (obtained with parabolic fits
close enough to its minimum). Along LH (right panel),
the situation is different, since the main conduction band
(blue) always follows its original dispersion (dashed red)
near L and undergoes a renormalization (with increased
effective mass) only away from L, where mainly empty
states (invisible to ARPES) are affected.
In our calculations, we have also seen that the ratio
of the bare effective masses mL/mS (i.e. without exci-
tonic effects, at ∆ = 0 eV) plays an essential role in this
mass renormalization. The larger the anisotropy of the
electron pocket, the stronger the renormalization effect
and thus the lower the effective mass m˜L. In Fig. 3, we
used a ratio of mL/mS = 12, which is close to what is
observed (mL/mS ≃ 10−15), and is already high enough
to produce a substantial renormalization.
These results are in good agreement with our exper-
imental observations, except for the calculated value of
m˜L ≃ 1.6 which underestimates the strength of the renor-
malization inferred from our ARPES data. We empha-
size here that the exciton condensate phase model, which
gives rise to the observed CDW, relies only on electronic
degrees of freedom [10, 17]. However, the PLD, which
is concomitant to the CDW and which is not considered
in our model, may enhance the anistropy of the electron
pocket, thus giving rise to a larger renormalization and
reconciling the theoretical value of m˜L with the experi-
mental one.
The substantial renormalization of the conduction
band unveiled in this work must clearly have a strong
influence on the resistivity of 1T -TiSe2. Table I, which
quantifies approximatively this effect, shows that below
100K the effective mass of the conduction band is reduced
by a factor ∼ 10 − 15. Fig. 1 (a) recalls the behaviour
of this resistivity, where two regions are distinguished.
As the temperature decreases below 300K, the resistivity
quickly increases (region I). In the framework of the ex-
citon condensate phase, a gap, already present above Tc
due to electron-hole fluctuations, increases strongly upon
exciton formation and spectral weight is removed from
the conduction band at the same time [17, 18]. Therefore,
the number of charge carriers near EF available for trans-
port is reduced and the resistivity increases. Below Tc,
although the mechanism at work in region I still strength-
ens, different compensating effects enter into play. Be-
low 100K, the dramatic effective mass renormalization
reduces the resistivity (region II) and the scattering rate
also decreases below Tc, emphasizing this effect [21].
In conclusion, we have evidenced with photoemission
for the first time a dramatic renormalization in the band
structure of 1T -TiSe2 at T < 100K. In this compound,
the conduction band represents the main contribution
near EF . Below 100K, its effective mass decreases by a
factor 10-15 with respect to its room temperature value.
In the framework of the exciton condensate phase model,
we are able to reproduce qualitatively this effect, which
means that strong electron-electron interactions are re-
sponsible for it. Therefore, in opposition to the common
belief, strong correlations in 1T -TiSe2 give rise to a sub-
stantial effective mass reduction of the dominant charge
carriers and, as a consequence, to a strong conductivity
enhancement. This is, to our knowledge, the first obser-
vation of such a phenomenon.
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